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A Solar Thermophotovoltaic Electric Generator for
Remote Power Applications

1.__Project Summary

o trn  ——— e e & ——— —

The goal of the this SBIR project is to develop a technology to enable high-efficiency
solar thermophotovoltaic (STPV) energy conversion.  All Phase [ technical objectives were
successtully met or surpassed  We demonstrated TPV energy conversion by developing
converters consisting ot rarc-carth-doped vttrium sluminum gamet (YAG) and lutetium yurium
aluminum gamet (1L.u.YAG) sclective emitters and a bHlackbody emitter. bandpass intrared (IR)
retlector filters. and InGaAs photavohaic (PV) cells. The PV cel's were grown via orgaromctallic
vapor phase epitaxy (OMVPE). The operating temperarure of the heat source was 1700 K.

STPY converter efficiencies approaching 30%.. as well as electrical output power densitics
near 2 Wem™ were demonstrated. Specifically . we accomplished the following:

I measured the spectral emittance of Ho-doped and Er-doped YAG. as well
Tm-doped T u.YAG selectis ¢ emutters

2. desymed. acquired. and tested bendpass filters «on sasphire)  with  cutotY
wavelenyths at 2.0 and 2.2 um

RN tabricated PV cells with energy bandgaps (Eg) in the range of 0,31 10 0.69 eV by
growing InGas\s on [aP substrates by OMVPE

4. investigated the effect of hydrogen passivation on the performance of lattice-
mismatcaed InGaAs on [nP

S extensnely investigated and found a suitable technology for an STPV thermal
storage raceiver emitter unit

6. demonstrated receiver operating temperatures in excess of 1500 X for a Stirling
solar concentrator dish located at the solar testing facilities off MeDonnell Douglas
Acrospace

demonstrated o TPV comverter efficiency of 11.4% tor a converter consisting of a
Ho-doped Y AG sclectiv e emitter, a dandpass IR retlector filter. and a PV cell with
Eg~0.51 ¢V, The electrical output power density for this converter was
029 Woem®
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demonstrated a TPV converter efficiency of 16.2% for a converter consisting of a
Tm-doped Lu.YAG selective emitter, a handpassIR reflector filter. and a PV ccll

with Eg=0.57 eV. The clectrical output power density for this converter was
044 Wiem®

demonstrated a TPV converter efficiency of 29.0% for a converter consisting of an
Er-doped YAG selective emirter, a bandpass/IR reflector filter. and a PV cell with
Eg=0.69 e¢V. The electnical output power density tor this converter was
0.78 W.em®

demonstrated a TPV corverter efticicney of 26.9% for a converter consisting of a
blackbody emitter, a bandpass TR reflector filter. and a PV cell with Eg=0.69 eV,
The clectrical output power density for this converter was 1.94 W.om®,

The following conclusions mav be drawn from our research:

Practical high-cfliciency . high output power density converters can be realized tor
STPV applications.

Although the center of the emission peak for the Tm-doped Lu.YAG selective
cmitter was most optimally matched to the blackbody spectral irradiance curve to
produce the highest output power at 1700 K. the converter with the Lr-doped
YAG sclective emitter produced o significantly higher output power Jdensity (and
efficiency). This was mainly duc to the fact that the performance of the PV cell in
the latter converter (Fg=0.69 ¢ V) was significantly better than the pertormance of
the cell in the former converter (Eg=0.37 eV,

Sirce existing selective emitters have radiative etficiencies in the 20-30° range.

additional filtering elements are noeded <o achieve high comverter efficiencies. The

combination of a selective emitter and a filter, bowever, results in ml.m\el\ ow
output power censities we. <1 Wiem ).

The filtered blackbody-hased converter, on the uther hand. exhibits a high output
powe density (-2 W.em™. while maintitning a high efticiency  (26.9%0).
Furthermore, the radiation recycling etficiency of this converter. due to filtering. is
expected to be far better than selective emitter-based converters.

Based on the above conclusions, the proposed STPV prototypes planned tor the Phase 11
contruact will be bailt with filtered blackbody-based TPV converters.

Taaenbel Resgae o

Can
R 'Y

[ )



2. Baclmohnd

Remote power generation is an important technology for space-based missions, military
ground operations. and operations other than war, such as delivering humanitarian and
peacekecping aid to underdeveloped countries. Currently. thermopiles, fucled by radioisotope
heat sources. arc used for decp-space exploration. NASA desires to abandon this technology.
however. because of the perceived environmental threat. In military and humanitarian operations,
thermionic or diesel generators are used to provide power. Thermionic generators are inefficient
and costly to operatc. Particuiarly when the cost of transporting fuel is high. the use of
thermionic generators results in very expensive power. Currently the Air Force spends upwards
of $175,000 annually to deliver 60 W of power 1o remote sensing outposts in Alaska. for
example. Diesel generators are efticient. but are heavy. noisy, polluting, and consuming of
nonrencwable energy.  In addition, they require constant maintenance and are typically not
practical when a degree of mobility is required. as is sometimes the case in humanitarian and
peacekeeping missions.

Thermophotovoltaic energy conversion (IPV) is a technology well-suited for the
development of highly-efficient. compact. and reliable sources of electricity. In TPV energy
conversion. heat is first converted to radiant encrgy by a sclective emitter, then to electrical
encrgy by a photovoltaic (PVY) cell. For uptimal efficiency. the PV cel must have a narrower
bandgap than the traditional Si and (FaAs cells used tor converting the solar spectrum. Currently.,
TPV systems are under development. by us ard others. utilizing radicisotope and gaseous or
liquid combustion hcat sources. These approaches have their drawbacks. including (1) the
environmental hazard of nuclear materials. (2) the production of NOx cmissions. (3) the
consumption of nonrenewable cnergy. (4) a limited duration of power production. (3) the
production of soot. which potentially degrades svstem performance. and (6) the need for
extensive advances in combustor iechnology to achieve sate. reliable. and compuct heat sources.

Solar therrnophotos oltaic (TPV) power generation uses concentrated sunlight as the heat
source tor TPV conversion. The sun is concentrated and used to heat a thermal absorber.
Thermal radiation. and not the solar spectrum. is then convented to electricity with a narrow
bandgap PV cell. This concept hus been pioneered at McDonnell Douglas Acrospace. who have
shown that solar-heated TPV has great potential for supplying large amounts of electricity to the
utilities.' In addition to efficient encrgy conversion. solar TPV offers the clement of energy
storage: power can be produced after sun down. during cloud cover. or continuously during space
orbit.  Although originally conceived of for commercial application and capable of supplying
Ailowatts of electricity. solar TPV can easily be scaked down to produce tens or hundreds of
watts as nesded in mobile or remote power generation. Likewise. it has a high power-to-mass
ratio and can thus be configured for use in space exploration.

Che use of concentrated solar encrgy as & heat source does not have the drawbacks
associated with radioisotope or combustion ieat sources. A very pragmatic advantage of soiar
power is that dish concentrators are a well-developed technology. Therefore. the development
eifort and tme to market. relative 1o other TPV concepts, will be reduced. It is the only TPV
approach based upon a renewable cnergy source. In addition. solar TPV has no moving parts. is
light weight, and produces no noise or vibration. It has the potential to be extremely reliable.
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Solar TPV is projected to be cost competitive with traditional means of photovoltaic
power generation for supplying large amounts of power to utilities. The McDonnell Douglas
study projects that solar TPV will be both more efficient. and less costly to operate, than the
Kinematics Stirling Dish. It has the potential to greatly reduce the cost of remote power
generation for some military operations. When scaled down for remote applications. solar TPV
is expected to be at least twice as efficient as thermionic generators. For deep space exploration,
solar TPV ma) be the only practical replaccment to radioisotope heat sources. Even with a large
thermal storage system capable of maintaining constant power output during the orbit night. the
mass would be less than a space solar dynamic system. With no moving parts, sclar TPV offers
high reliability required for space operation and the low opcrating and maintcnance cost required
for utility operation. Importantly. the solar TPV system can be shielded to eliminate degradation
due to radiation.

3. Experimental Procedures

- ———— = A————— . <15 o, | 5 A e mn o i m wn & e m eee t - —————

3.1, Selective Emitter Characterization

The Ho-YAG. Tm-(Lu.YAG). and Er-YAG selective eminers were characterized using a
custom developed test bed designed for measuring thin-tilm selective emitters for tnermo-
photovaltaic applications. A schematic representing the experimental configuration is shown in
tigure 1.
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Figure 1.—Schematic diagram of experimentul sctup for measuring emission spectra.

Since signiticant temperature ditferences 1160--180 K) exist between the front and back
cmiitter surfaces. the “emitter temperature™ is defined by a substrate temperature (Ts). and the
temperature gradient, AT=Te-Ty.  The average of the front and back surface temperatures,
Uavg=(Ty=Fym) 2. in the center of the sample is used to calculate the spectral emittance from the
spectroradiometer intensity measurcments.  Temperntures were measured with type R
thermiocouples to an accuracy of 26 K. Normal spectral emittance measurements were made
from 1.2-3.2 pm with a spectroradiometer constructed trom a 1/8-meter monochrometer. 3
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temperature-controlled PbS detector. and an 800-Hz chopper. The spectroradiometer was
calibrated with a 1273 K blackbody reference.

3.2.  Filter Characterization

Filter characterization was carried out by testing the filters with a Perkin-Elmer
Lambda 19 spectrophotometer and a Nicolct Magna-IR 750 FTIR spectrometer.  Although the
Lambda 19 spectrophotometer is able to make more accurate measurements than the FTIR
spectrometer. its wavelength range of data gathering is more limited, i.e. 0-3 versus 0-30 pm.
Conscquently, measurements were made using both instruments.

Transmission. reflectance. and absorptance versus wavelength was measured for two
types of filters. One wes an IR reflector filter. 1t is fabricated by the deposition of a thin layer
of gold (~50A) on a sapphire substrute. The second was a diclectric stack on sapphire bandpass
filker. Three Sandpass filters were tested with cutoff wavelengths of 2.2, 2.0. and 1.7 um.
Measurcments were also taken for the combination: bandpassIR reflector filters.  These
combination filter configurations were ultimately used in PV converter testing.

3.3. PV Cell Growth and Fabrication

A fast switching. henzontal. low-pressure OMVPE rcactor way emploved for all
semiconductor matenial growth.  The reacuant species were  trimethyvlindium  (TMiIn),
timethylgallium (TMGa). diethyvlzine ‘DEZn'. phosphine (PH:). arsine (AsH:) and silane
(SiHy). Hydrogen carrier gas was used to inject the precursors into the reaction chamber.
Substrates were placed on a SiC-coated graphite susceptor.  Gromth conditions for the various
layers arc presented in Table 1. Samples were charactenized for ervstal quality. alloy
composition. and surface morphology  using double x-ray  dittraction (DCXRD),  visual
observations. and Normarski contrast optical micrescopy.

In\Gaj¢As layers were grown on p-tvpe InP wafers. which were prepared by the
substrate vendor. A thin Liyer o InP was tirst grown on all substrates to provide a clean surface
for nucleation of the InGaAs alloys. A lattice-matched InGaAs layer with Eg=0.74 eV was then
grown dircctly on the InP layer. Lattice-mismatched InCGaAs structures with Eg=0.51. 0.57 and
0.69 ¢V were 2rown on the lattice-matched InGas layer. Compositionally stepped butfer layer
were grown to reduce the number of threading dislocations in the active cell base region. Step
compositions were chosen to keep the strain helow 0.2125% between every two lavers. Thus,
five equal compositional steps were in the bufier for the cell with Fg=0.57 eV, and eight steps
cemposcd the butfer tor the cell with Eg=0.31 ¢V, The cell with Eg=0.69 ¢V was grown without
any intermadiate buffers. Finally, all cell structures were capped with InP.  The InP cap was
0.5 pm thick for the cell with Eg=0.69 ¢V, and 0.05 um thick for the cells with Eg=0.57 and
0.51 ¢V, Growth temperature and pressure were 620 °C and 190 torr throughout all OMVPE
runs. Growth conditions tor the vanious alloy s ire summarnized in Table 1.
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Table 1.-OMV'PE growth conditions for the InGaAs/InP PV cells.

Alloy TMIn TMGa PH, AsH: Growth Rate
pmolmin.  ymol'min.  pmolc’'min.  pmole'min. nm/'sec
0.51 eV InGaAs 398 8.6 ~ 1636 1.43
0.57 eV InGaAs 285 8.6 - 1636 1.06
0.69 ¢V InGaAs 148 8.6 - 1636 0.78
InP 8.5 - 1145 - 0.65

The OMVPE grown cell structures were processed into P\' cells using the following

precedure:

1. Back Contacts: L ow-resistance ohmic contacts made by vacuum depositing a
sandwich of Au-Za-Au on the p~-InP substraics. and heat treating in the range of

400440 °C* The contacts were typically 2-3 um thick.

to

Front Contacts: Standard reverse-imaging photolithography was used to define

the gnd geometry of the front contacts. Thermally stable. ow-resistance ohmic
contacts made by vacuum depositing a sandwich of Au-Ge-Au on the n”-InP

window layers.” Front contacts were typically 2.5-3 pum thick. The optimized
front grid geometnies for these cel's is shown in figure 2. The gnd saadowing (GS)

for both geometries was 20°.

‘s

Mosa Isolation: Standard photolithography was used to cetine the cell area  The

detined arcas were isolated via chemnical etching using HCl-based and H-SO;-based
solutions. The cross-sectional views of the finished cells are shown in figure 3.

T e 2452 ie |

T00um - —————— O e e - @
¥

Figure 2. -Fromt grid design for the Ix1 cm tleft), and the 636 mm (right) PV cells.
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0.51 eV InGaAs Cell Structure 0.57 eV InGaAe Cell Structure

0.05 um n* inP Window/Contact 0.05 um n* InP Window/Contact
_ e e e

3.5 1m p Ing ;5Gay ,AS Base 3.5 um p In, 7,Gag pAs Base

6um p* nyGa_yAs Step Craded Buffer 1.0 um p* InyGa., As Step Graded Butter
B steps equal strain, 0.2um thick each b steps equal strain, 0.2um thick each

0.1 um p* Ing 53Gag oAS 0.1 um p* Ing 5y Gay o AS

p* InP Substrate p~ InP Substrate

0.69 eV InGaAs Cell Structure

0.5um n* In® Window/Contact
0.5 im n* Ing 5oGa, , As Emitter

. -
ki

-~

3.5 um p In, g5 Gag 41AS Base

0.5 um p* Ing s3Gay «7As Bufter

p* InP Substrate

Figure 3.—Lross-secrional view of fabricated InGeds photovoltaic celis.
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In addition, several transmission line model (TLM) test pads were fabricated in close
proximity to the PV cells. TLM test pads fumished important electrical data about the ohmic
contact metallization and the n™/n” InPInGaAs cell emitter, such as metal-semiconductor
specific contact resistivity (rc) and the semiconductor cmitter sheet resistivity (Rg;). The as-
fabricated r¢- values for the Au-Ge contacts were in the low 10 10 low 10" Q-cm” range. The
emitter sheet resistivities for all cells varied from 8 to 11 Q'sq.

J3.4. PV Cell Hydrogen Passivation
The processes of PV cell hydrogenation was carricd out in the following steps:

1. Acetone amd methanel organic cleaning with ultrasonic agitation.
2. HF 11,0 (1:10 vol ) surface clcaning tor 13 seconds.
3 Deposition of a SiNx (200 A) protective layer at 275 °C.

4. Hydrogeaaton at 250 °C for 2 hr in a Technics Planar Ewh 1l parallel plate.
13.56 MHz plasma reactor. The hydrogen flow rate was 30 scem at a power
density of 0 08 W cm”, and chamber pressure of 730 m Torr.

s Dopant reactivation annealing at <00 “C for 3 min in a nitrogen ambient.

6. Removal of the SiNX laver in HF:H20 (1:10 vol.vin § run.

3.5.  Comverter Testing

Figure 4 1s a schematic illustration of 2 FPV converter. Al convorters were tested by first
carefully charactenzing and testing each of their components separatels.  All of the mcasured
parameters were then combined. in the methodology deseribed belew:. to obtain coms erter output
power density and ethiciency values.

Blackbody or

Selective Emitter Filter PV Cell

I_—l
Y|

Selective or
Broadband Radiahon

il

Recyced Radiation

Concentratad
Solar
Radsaton

Figure 4.—Schematic representation of the TPV pracess.
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First, the spectral irradiance (\\’.-'cmz) of each selective emitter, as a function of
wavelength. was calculated by multiplving the measured spectral emittance of the selective
emitter by the well-known blackbody spectral irradiance (at 1700 K). The measured
transmission versus wavelength of every bandpassTR reflector filter was then multiplied by the
respective selective emitter spectral irmadiance. The mult was the filtered spectral imadiance
reaching the PV cell. The current output density (A/cm’) of the PV cell was then calculated by
integrating the product of the measurcd cell spectral response (A’W) and the filtered spectral
irradiance over the wavelength range of intercst. ie. from near zero microns to the cutoff
wavelength (A;) ot the bandpass filter.

The open-circuit voltage (Vo) and fill factor (FF) values of the PV cells were measured at
the output short-circuit current (Jg) levels calculated above, by testing the cells under high
sunlight concentrations. using a large-area pulsed solar simulator (LAPSS). This ensured accurate

oc and FF measurements because the detrimental effects of cell series resistance were
expenmentalb taken into account.  The cell output power density (W'em ’) was then simply
calculated as the product of V. Js¢. and FF.

In order to calculate the converter efficiency. the cell power output density caleulated
above was divided by the total selective cmitter spectral irradiance. integrated over the
wavelength range of interest. A 100°5 radiation recyveling was assumed with all converters. The
Excel 5.0 program was used to model. as well as to perform matnix calculatons to obtain the
desired results. The parameters. symbals, and definitions used for this program arc presented in
worhsheet .

Worksheet 1.—-Parameters used fos TPV comverter calculations.

System-level Inputs

Variable Description Units Notes

Psys _ power oufput. ot \vsem . e o
Top 9fctanng remperaure K S SO
GFF geometn: focuaing fastor Jimens, on!mu = \.mm ‘Aemiicr

System-ievel Calculated Qutputs

_Variable  Description  ~~~~~ units oo Equation
N cfficency. TPV comenet  dimensionless =P P

Absorber Inputs

e e — ————— . ——

Variabie Description Units Notes

Absarber _ NPe N
Specy. v specification e S,
Epoa o emisswiy  dmensionless blackbody
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Absorber Calcuiated Outputs

Variable Description Units Equation _
_Cpenl) emissive power Wikm em'; 2 n"CAVeXpICIAT 1)
_Gewwr wotal emissive power Wiem' = ¢ peath) A
Para. tota emitied powr W A —
Cemre{A) emissive power W/Aum cm*) =, (A o
Qe total emissive power Wem' o T
Powr total emitted power v — ®Pn
Aperrn aea cm’ =A., .., e
Ague W8 om’ =A_ /GFF
Filter Inputs
Variable Description Units Notes
Fiiter ope e tent L
Spece, spcficiaton. et o
Avy___ W= U I — e
Togee (A ransmission . dmenwonles
Rq.... (A) reflocuon dimensionless
Filter Calculated Ouputs
_Variable __ Description = Units Equation S
o A) absorpion .~ dimensioniess =-T, O-R
L EMUSSIVE PO Cr WAum em® =¢. . tA " T, (A)
PV Cell Inputs
Variable Description Units Notes
Cell ____mwpe text e
Spev.y speaficaion - tewt e e
E. bandpsp oV L e
A ara e }"3!: e [
N weigh R e
,__T-T '_~____.__,~-_‘5_"'M“mm K — e e e ——
SR WM specral resporse A’ qan Wi e
AN opeR~cweuitvelage N
EF fillfacvor . _dimencionless e
GSF_ Erid shadowing tactor o Gmensionless I
PF packing factor (cell-amuy) Jimensionless
PV Cell Caiculated Outputs
Variable Description Units Equation
J. short-c wcuit current A’ =|iSR_ (0% e, 0 dA [from 0-2 um)
Lia. shorcircuit curmet w/AR coat  Aem® o038
S _power-ot_wtdemity Wemt o GOV CFF -
Na . _... humkbe- of celly dimznconless  mntPoig t AL Y GSF) ¢ )
A mevamy on N " N O PF - -
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4. .Results

4.1.  Ho-YAG, Tm-(Lu,YAG), and Er-YAG Selective Emitter Emittance Data

Three different rare-earth-doped. single-crystal YAG-based selective emitters were used
in this study. The first one was doped to 25% with Ho (Ho-YAG), the second was doped to
30% with Tm (Tm-Lu.YAG). and the third was doped to 40% with Er (Er-YAG). The thickness
of these selective emitters were 1.1, L.1. and 0.9 mm, respectively. All were backed with a
platinum foil substrate and tested at an average emittcr temperature of 1700 K. Figures 5-7
show the measured spectral cmittance versus wavelength for the above selective emitters.

As shown in the figures, the peak value of the emittance in the emission band for all of the
emitters was about 0.7. The overal! radiative cfficiencies for these emitters were in the 20-23%
rangc.

1 e e
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Figure S.~=Spectrat emictance of a 25%s Ho-doped Y.AG selective emirter.
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Figure 6.—Spectral emirtance of a 30°% Tmdoped Lu,YAG selective emitter.
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Figure =.—Spevtral emittence of a 40° Er-doped V4G selecthe eminter.

4.2.  Bandpass‘IR Reflector Filter Optical Characterization Data

Two types of filters were used to enharwe the efficiency of the conventers by revyeling
the out-of-band radiation ¢mitted from the emitters. The first was an IR reflector tilier. It sered
to reflec: longer IR radiation back to the heat scurce.  The transimission versus winvelength
characteristics of this filter is shown in “lgure 8. As shown. the filier allows the tfransrission of
most of the shorter wavekngh IR rdiation (in the usetul range for TPV, and reflects most ot
the longer wavelength IR radiation. H wever. the transnussion charictenstics of this filter i a
relatively smooth furetion of wavelenyg:h

100 ~L +
3 LTI IR Reflector Filter
[ I,
8 T
8 50 - o =~
g T

\,“
0 T y
17 25 5.0
Wavelength (um)

Figure 8. — Transmission characterssrics of a gold-on-sapphire IR reflector fiiter.

Bandpass filters. on the othetr hand. show a near step-tunction behavior ir their
transimission versus wavelength characteristics. They transinit most of the in-band radiation up
10 a cutoff wavelength (2,). and abruptly reflect radiation beyond the cutotf wavelength. [he
transmission versus wavelength charactenistics of a bandpass filter with (2¢=1.7 um) is shown in
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figure 9. However, unlike the IR reflector filters, bandpass fiiters show significant transmission
again at wavelengths >2.5 um (see figure 9). When the bandpass filter is used in a converter
configuration. this addiional transmission at longer wavelengths greatly limits the converter
etliciency.

Dielectric Stack Bandpass Filter

a?‘w'm-‘ k.‘ 7 um
3 P
&
R
000 - iR, T 1}
0 1.7 25 5.0

Wavelength (um)
Figure 9.—Transmission cheracteristics of @ bandpass flter with A.22.0 um.

Combining the bandpass and IR reflector filters produces the most efficient filtering for
TPV applications by preserving A at a desired value. while at the same time suppressing longer
IR wavelength transmission.  Three tandpass'iR retlector combination filters were used with
cutotl’ wavelengths matching the peak cmission bands of the selective emitters.  Filters with
A¢=2.2.2.0. and 1.7 um. are matched to the emission peaks of the Ho-Y AG. Tm-(Lu.Y AGY. and
Er-YAG. respactively. The trarsmission versus wavelength characteristics for these Slters are
shown in figures 10-12.
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Figure 10. ~Transmission characteristics of a bandpass IR reflector fllter with A .=2.2 um.
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Figure 11.—Transmission characteristics of a bandpass IR reflector filter with A.=2.0 um
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Figure 12.-—Transmission characteristics of u bandpass IR reflector fllter with 7 .=1.~ um.

4.3. PV Cell Performance

Over 30 InGaAsTol PV cells were fabricated with bandgaps of 0.51. 0.57, and 0.69 eV
These bandgap values are well-tuned to the emission peak values of the Ho-YAG. Tm-
(LuYAG), and Er-YAG selective emitters. respectivels.  The current-voltage (I-V)
characteristics of each cell was initially tested under air-mass zero (AMO) conditions. Cell
spectral response and quantum efficiency mcasurerents were then performed so that the results
would be used in converter efficiency calculations (see section 3.5). These measurements also
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served as diagnostic measures to evaluate cell quality. Finally. the cells were tested under high
light injection using a LAPSS syvstem. The details of the results of these measurements arc
presented below.

43.1. AMOI-V Data

Illuminated I-V testing under AMO, one-sun conditions was performed to assess
the general quality of the fabricated PV cells. Particularly, the values obtained for Voo and FF
can. to a large extent, reveal the quality of the n'p junclion. Vo and FF values for cells with a
given bandgap, for example. can be readily compared to those for the state-of-the-art cells. In
addition. shorted or shunted cells, or cells with excessively high series resistance (Rs) can be
quickly identified under AMO testing. Table IT is a summary of the AMO -V data for the best
ceils with bandgaps of 0.51. 0.57. and 0.69 ¢V. The cell with Eg=0.69 eV had a 2400 A thick
Ta:Os anti-reflection (AR) coating. whereas the cells with Eg=0.51 aad 0.57 eV’ had no AR
coating.

TaMe 1.—AMO. one-sum (25 "C) I-} data for best PY' cells with various bandgaps.

PV Cell Fg (eV) Jeo tmAC em®) Voo tmV) T'F (%o Arca (em®)
0.51 210 124 48.8 0.36
0.57 1.2 226 644 0.36
0.69 276 340 69.7 1.00

As expected. the performance of the cells improve significantly as their bandgap increase.
The data in Table 11 also skow that the for the given illumination level (i.e. AMO) and bandgap.
the Vo and FF values are exceptionally good tor all three cells. These cells were subsequently
uscd for converter testing.

4.3.2. Spectral Response and Quantum Efficiency Data

I'he results of the spectral response data taken for the PV cells shown in Table 1l were
used to calculate the output power density and cfficiency for all converters. Both the spectral
response and quantum efTiciency curves for these cclls arc shown in figures 1318, As expected.
the peak value of the flat region of the quantum efficiency curves increased with increasing Ly.
Also. The quantum efticiency data for all three cells are remarkably flat over a wide range of
wavelengths. This is again an indication of the high quality of the cells. and the effectivencss of
the butfer layers grown between the InP and the InGaAs cell structures (see section 2.3).
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4.3.3. High light Injection I-V' Data

In order to experimentally measure the effccts of the serics resistance on FF (and to a
lesser extent on Vo). the PV cells were subjected to high light concentration levels, using a
LAPSS system. The light concentration levels were chosen such that the J of each cell would
be equal to that calculated for each of the four converters tested (see section 3.5). The results are
shown in Table IIl. The Vo and FF values shown in the table were used in converter output
power density and efficiency calculations.

Table IIL.—High injection I-V data (25 C) for PV cells with Eg=0.51-0.69 ¢} ",

PV Ccll Eg (W) Jee (Adem®) Voo (MV) FF (%) Arca (em®)
0.51 2,05 252 56.0 0.36
0.57 224 328 60.0 0.36
0.69 2.44 351 70.6 1.00
0.69 6.29 477 64.7 1.00

Sim:lar to what is commonly observed in other solar cells (e.g. Si. GaAs, ete.) at high
injection. the increase in Vi for all the cells in Table 1 was an exponential function of Je.. This
is shown in figure 16. where Vo is plonted against J;; for the cel! with Eg—0.51 eV. Some
researchers had speculated that the dislecation traps created by the lartice-mismatch between
InGaAs and InP may be pantially or fully passivated under high injcction conditions. leading to
higher than expected Vi values. We did not observe any evidence of trap saturation. however.
The cxperimental Vi values measured at hivh iniection. however. closely match the theoretica:
predictions made based on Vo and Ji¢ values measured under low injection AMC conditions.
us:ng standard solar cell equations.
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Figure 16.—Xariation of V. with Jy. for the ccll with Eg=0.31 ¢V’ (logarithmic curve fit shown).
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The parameter most adversely affected by the parasitic serics resistance is the fill factor.
Initially. FF values increase with increasing light injection, due mainly to an increase in V.
Later. however the resistive power losses overtake this initial effect. and the FF values decrease
at higher current levels. This is promanlv due to the fact that the resistive power losses increase
as a square function of the current. i.e. I’R. A wprescntam ¢ example of this behavior is shown
in figure 17 for the cell with Fg=0.51 ¢V with a scries resistance of about 20 mf2. The I°R losses
in these cells can only become negligible if the total scrics resistance for each cell is kept below
SmQ. For comparison. i-V curves are also shown for the cell with Eg=0.51 ¢V under AMO and
high injection conditions. in figures 18 and 19, respectively.
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4.3.4. Hydrogen Passivation Data

The goal of the hy drogen passivation technique was to passivate the detrimental
electrical characteristics of the crystalline defevts created as a result of the growth of lattice-
mismatched InGaAs lavers on InP.  To investigate the effects of the hydrogen passivation
technique. hulf of an OMVPE growth run with Eg=0.57 ¢V was sent to Ohio State University for
hydrogenation. Four PV cells were fabricated from hydrogenated samples. The other half was
also processed intv four cells but without kyd-ogenation.  The performance of all eight cells were
very similar under AMO conditions. The .AMO results for the best cells trom cach half are given
in Table IV,

Table [V .~~4MO 1-) " data (28 -C) for hydrogenated PV celis with Eg=0.51-0.69 ¢}’

H-Passivation CellEg e\ Jo  umAS em?) Ve im\) FF (%) Arca (cm:)
No 0.57 3.2 226 44 0.36
Yos 0.5? ROR N 226 039 0.36

As shown in the table. effectively no improvements were observed in the performance of
hydrogen pussivated versus non-passivated cells. In order to assess the effects of hydrogenation
turther. spectral response and quantum cfliciency measurements were also taken for the cells
shown ir Table [V. The results are given in tigures 20 and 21, respectively. The data in these
figurcs suggest thut hydrogenation had cssentially no effect on improv ing the cell response at any
wavelength. Asa result. no further hydrogen passivation work was carried out on other cells.
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4.4. Thermal Storage

The thermal storage umit tor STPV' applications must absorb the heat trom focused
sunlight and radiate a near blackbody spectrum. For efficient TPV energy conversion. neat must
be stored at very high temiperatures (15001700 K. The temperature requirements push the
state-of-the-art technology' developed for solar dynamic power conversion. However. solar
dynamic power conversion requires a working fluid to transter the heat from the storage medium
to the heat engine. [n contrast, the coupling between the thermal storage unit and the TPV
converter is raditive: hence. a working fluid is not required. This greatly simplifies the design.
reduces the weight. and minimizes the effect of gravity on this technology. To prove the
feasibility of thermat storage tfor STPV, we comprchensively researched existing thermal storage
concepts, then adapted o high-temperature technique for use with STPV.  An accunte

description of the unit we propose to design and build in Phase Il is a thermal storage infrared
radiator (TSIR).

- -
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One way to store heat is by using the latent heat of a phase-change material (PCM). Heat
is stored as the PCM melts and is recovered as it resolidifies. A successful application of latent
thermal storage is the solar dynamic heat receiver technology (SDHRT) designed to meet the
electrical power requirements of the U, S. Space Station Freedom.! The receiver uses a LiF
eutectic salt as the PCM. Metal canisters containing the PCM storc excess thermal energy
delivered to the systcm while the receiver is exposed to the sun. During the orbit night, stored
energy is transferred through a working fluid to the heat engine. As a result, relatively stable
power output is maintained throughout the entire orbit. The solar dynamic thermal storage unit
is capable of storing heat at 1100 K. The receiver coupled with a heat engine is pant of a
prototype, 2 kW solar dynamic demonstrator developed at the NASA Lewis Rescarch Center.

Unfortunately. the technology developed to store thermal encrgy for solar
dynamic power conversion is difficult to push to 1500 K. Although fluoride eutectic salts can
store significant quantities of thermal energy per unit mass, they have two distinct disadvantages.
First, they have relatively low thermal conductivity. As a result. the size of each individual salt
canister must be reduced and their numbers increased as the salt conductivity decreases. Second.
these eutectic salts gencrally exhibit a large change in volume during solidification. As a result.
voids are formed. Voids cause significant variations in the heat transfer rate and their fonnation is
affected by gravity. It is critical to account for the cffect when designing the thermal storage
containmen: and projecting long-term reliability. The most limiting factor in pushing this
technology to higher temperatures. however. is the lack of a rchable metal container to hold
corrosive fluonde eutectic salts.

Fortunately. the Japanese have been developing o thermal storage technology capable of
operating in the temperature range of 1100~1500 K.**  Their technique employs a porous
ceramic matrix entrained with fluonde salts. The saltceramic composite approach te thermal
storage may be explained as microencapsulation of a PCM within the submicron peres of a
ceramic matnix. The liquid salt is retained within the solid ceramic nenwork by surface tension
and capillary forces. Importantly. duc to the high level of dispersion. void formation is
suppressed.  The lack of voids grearly simiplifics the heat transfer and structural analyses.
especially for space applications.

The perous ceramic matnix. usually silicor carbide (SiC). has a relatively high thermal
coaductivity, which greatly enhances heat transfer with the entrained salts. Heat storage occurs
as latent heat of the PCM. and as sensible heat of the PCM and ceramic matrix.  Therefore, the
use of saltceramic composite represents not a pure latent heat. but a latent sensible hybrid
storage concept. Ulimately, this reduces the size and weight of the thermal storage unit relative
to the technalogy developed for solar dynamic power generation.

Importantly for TPV technology, the use of a ceramic matrix allows containment of
eutectic salts that solidify at higher temperatures. Porous SiC entrained with magnesium fluoride
(MgF ;) is capable of operating at the temperature required for STPV: 1500 K.™* The matrix’sait
composite is fabricated by placing SiC with approximutely 30% porusity in a moltem bath of salt
in an inert atmosphere. such as nitrogen. .\ nonporous laver of SiC must then be attached to the
surface to prevent evaporation of the silt during use. The surface layer may either be chemically
vapor deposited. or machined trom a solid piece and fitted like a slcave.
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4.5.  Stirling Solar Concentrator Disk Test Results

The solar concentrator located in the solar test facilities a McDonnell Douglas is
comprised of 88 mirrors, each having an area of 1.0 m". It is capable of delivering a maximum of
80 kW of thermal energy to a target receiver with a concentration ratio of 15.000 suns. It can also
achieve a concentration of 1000 suns uniformly over a 25 cm diameter spot. The concentrator is

capable of generating estimated receiver temperatures of greater than 2500 °C on a small spot
size.

The concentrated .adiation density from the dish has a guassian distribution on the
recciver. As a result. to achieve a more uniform temperature distritution. a SiC cavity was used
for testing the dish (see figure 22). To be able to focus the concentrated light into the cavin
openning. 72 of the 88 individual mirrors were covered up.  Temperatures as high as 1350 °C
(1623 K) were measurcd at the center of the receiver plate. Slight non-uniformity (~ 50 °C) was.
however. vbserved across the receiver plate. The result of this solar dish testing demonstrates
the feasibility of achieving the high temperatures (1300-1700 K) required for the development of
a viable STPV system.

Aperture cone

™\

High temrperature

Sun rays . :
Y nsulation

1:___Receiver
plate

SiC cavity

Figure 22.--The SiC cavity used for Stirling solar concentrator dish test.
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4.6.  Emitter, Bandpass/IR Reflector Filter, and PV Cell Converter Test Results

Four converter configurations were tested. Three sclective emitters, Ho-YAG. Tm-
(Lu.YAG). and Er-YAG were cach coupled to a combination filter and PV cell matched to its
peak radiative output. The Ho-YAG emitter was coupled with a combination bandpass‘IR filter
with Ac=2.2 um and a PV cell with Eg=0.51 eV. The Tm-(Lu. YAG) emitter was coupled with a
combination filter with A; =2.0 um and a PV cell with Eg=0.57 eV. And. the Er-YAG emitter
was coupled to a combination filter with A; =1.7 um and a PV cell with Fg=0.69 eV. The fourth
configuration was a blackbody emitter coupled to a combination filter with A¢ =1.7 um and a PV
cell with Eg=0.69 V. Also. since the PV cells with Eg=0.51 and 0.57 eV had no AR coatings. the
output Jsc values used for converter calculations were multiplied by 1.35.

The center of the primary emission peaks for all three selective emitters closcly coincide
with the peak of the 1700 K blackbody spectrum. The PV cells with the lower bandgaps of 0.51
and 0.57 eV, exhibited inferior performance o the 0.69 ¢V cell. This is due to the increase in
threading dislocation concentration with increased lattice mismatch. As a result. the converter
with the Er-YAG emitter was not only more efficient. but it had a greater output power density
than the converters with the Ho-YAG and the Tm-(Lu.Y AG) emitiers.
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Figure 23.—Spectral irradiance duta for the Ho-YAG selective emitter and a blackbody at 1760 A.
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Figure 24.—Spoectral irvadiance data for the Tm-(Lu.YAG) sclective emitter and a blackbody at 1700 A.
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Figure 25.—Spectral irradiance data for the Er-YAG selective emitter and a Mackbody at 1700 K.

Since the best selective emitter-based converter produced a relatively low output power
density of 0.78 W em’. a blackbody-based emitter converter was considered. The most efficient
PV cell with Eg=0.69 ¢V. and the filter with 2.=1.7 um. were coupled to a blackbody cmitter.
The emittance of the blackbody cmitter was assumed to be unity. This converter conziguration
resulted in the highest output power density.  The test results for all four conveners are
presented below.

4.6.1 Ho-YAG Selective Emitter, Filter, and PV Cell with Eg=0.51 e}’

The center of the emission peak for the Ho-YAG is well-tuned to the response o7 a PV
cell with Eg=0.51 ¢V, This is illustrated in figure 25, where the filtercd spectral immadiance of the
emitter and the <pectral response of the cell are shown. Following the testing methodolop
described in section 3.5, this converter produced an cutput power density of 0.29 Wem® and o
TPV conversion efticiency of 11.4%. The resalts are given in worksheet I1.
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Figure 26.—Filtered spectral irradiance for the Ho-Y.AG selective emitter at 1700 K and the spectral response
Jor the cell with Eg=0.5) e}’
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Worksheet Il.—Results for the converter with the PV cell with Eg=0.51 ¢V, bandpass/IR reflector filter
with ic=2.2 um, and the Ho-YAG selective emitter.
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4.6.2 Tw-Lu,YAG Selective Emitter, Filter, and PV’ Cell with Eg=0.57 ¢}’

PV cells with Eg=0.57 eV were fabricated to couple with the Tm-(Lw.YAG) selective
emitter. The filtered spectral irradiance of this emitter and the spectral response of the cell are
shown in figure 26. This converter demonstrated an output power density of 0.44 Wem” and a
TPV conversion cfficiency of 16.2%. The results are shown in worksheet 1.
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Figure 2°.—Filcred specrral irradiance for the Tm-tLu.Y.AG) selective emitter at | ~00 K axd the speveral
response for the cell with Lg=n.£" ¢}

Worksheet Ill.—Resules for the converter with the PV cell with £g=0.5° ¢b, bandpass IR reflector filter
Nith Q. um, and the Tw-(Lu. Y AG) selective eminer.
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4.6.3  Er-YAG Selective Emitter, Filter, and P} Cell with Eg=0.69 ¢}’

I'he filtered spectral irradiance of Er-YAG and the spectral response of the best ceil with
Eg=0.69 ¢V are shown in figure 27. As with the previous converters. the cell response is well-
mitched to the emission peak of the selective eminter. Because of the superior spectral response
of the cell. this conventer demonstrated the best performance of those based on selective emitters:
an output power density of .78 W.em™ and a TPV conversion efficiency of 29.0%. The resalts
are given in workshest [V,

-
o Lssent:al Resvasrch oow o )aie a3

e m e o —— ——




Power Density (w/cm?)

o

- N W e O N

29=0.89 oV

F1700K
E Specteal
4 lﬂbov/

Wavelength (um)

{(muw/yw) esuodsey (8sd0dS

Figure 28.—Filtered speciral irradiance for the Er-Y.AG selective emitter at 1700 K and the spectral response

Jor the cell with Eg=0.69 eV.

Worksheer I1.—Resalts for the coaverter wirk the PV cell with Eg=0.69 ¢}, bandpass IR reflector fliter
with wc=1." um. and the Er-YAG selecthve eminer.
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Worksheet IV.—Concluded.
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4.6.4  Blackbody Broadband Emitter, Filter, and PV’ Cell with Eg=0.69 ¢}’

The final converter contiguration consisted of a blackbody emitter. a bandpassIR
retlector filter (Ac=1.7 um). and a PV cell with Eg-0.69 eV. The filtered spectral irradiance of
blackbody ¢mitter and the spectral response of the best cell with Eg=0.69 eV are chown in
tigure 28. This converter produced an output power density of 1.94 W ‘em*® and an efficiency of
26.9%0. The results are shown in worksheet \
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Figure 29.-—Filtered spectrel irradiance for a blackbody emitter at 1700 K and the spectral response for the
cell with Eg=0.69 ¢}

Worksheet 8 .— Revuin for the converter with the PV’ cell with Fg=0.69 el, bandpass. IR reflector fllter with
A=L" 1m, and a blackhody eminer.
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Worksheet V. —Conclided
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Because of the lugh current output densit) (6.29 A'cm®) of this converter, the PV’ !
(E£3=0.69 ¢V) cxhibited a rather low FF. ie. 64.7%0. As explained in soction 4.3.3, resistive power
losses become signiticant at kigh output gumnts The theoretically calculated Rs for this cell
was 14 mQ.° Lower values of Rs can increase the FI', and therefore the output powcr density
and efficiency. rather dramatically. This etfect is shown in Table V, where the theoretically
calculated FF. output power density, and ctliciency values are given as the series resistance of
the cell with Eg=0.69 e\’ is varied.
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Table V.—The effect of Rs on the performance of the converter with the blackbody emitter for the cell with

Eg=0.69 ¢}
Rs (mQ) FF(%)  Pout(W/em’)  Efficiency (%)
0 79.6 2.39 33.1
5 744 2.2 309
10 69.1 2.07 28.7
14 64.7 1.94 26.9
20 58.6 1.76 244

As shown in the table, small variations in Rs can effect large changes in converter output
power density and efficiency. Minor modifications in the doping density and thickness of the
OMVPE grown layers in the InGaAsTnP PV cell structure cuan indeed result in the achievement
of Rs values at or below § m{2. Practical converter output power densities and TPV conversion
efficiencies greater than 2.23 W.em® and 30 9%, respectively. are thercfore possible with this
converter configuration. In addition. it is expected that optimized and more efficient PV cells
with Eg=10.69 ¢V can be fabricated during the Phase 11 period. further improving the performance

ot this converter design.

The pertormance of all four converters discussed above is summarized in Table V1.

Tadle V1.—TPV Convert- output power density and efficiency dara for a source temperature of 1700 K.

Emitter Filter 2c (um) PV Cell Eg (V) Pout (W em™) Etficiency (°o)
Ho-YAG 2.2 0.51 0.29 114
Tm-LuYAG 2.0 0.57 044 16.2
Er-YAQG 1.7 069 078 2990
Blackbaody 1.7 0.69 1.94 26.9

§. _Conclusions

The results of our Phase | effort have successfully demonstrated that veny efficient
conserters with high output power densities can be realized tor STPV applications.

following specific conclusions are also drawn from sur work:

The

1. Higher bandgap InGaAs InP PV cells performed far better than the lower bandgap
cells. As a result. the converter with the Er-YAG sclective emitters showed a
superior performance than the converters with the Ho-YAG and the Tm-
(Lu.YAG) selective emitters.
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Even though the converter with the Er-YAG selective emitter was highly cfficicnt.
its output power density was insutficient 10 enable the fabrication of a practical,
cost-effective STPV system.

3. The converter with the filtered blackbod\ emitter was both very efficient and had
a high output power density (~2 Wiem?).

4. By improving the PV cell and filter performance blackbody-based STPV
converters can be developed with TPY conversion cfficicncies excceding 30°% and
output power densities over 2 W.cm®.

Finally. the results of our Phase [ project show the ‘easibility of the development of an
STPV system with a practical total system efficiency of greater than 20% and an output power
density of about 2 Woem™.

6. _Future Research and Develogmont

Based on the work perfonmed in Phase I, two prototype STPV systems will be desigred
and evaluated in Phase 1. One prototype will use the conventional PV ce!l technology. while the
other will use the advanced monolithic integrated mudule (MIM) cell technology. Both systems
will be supcrior to planar solar armays or linear concentrator solar arrays for space-bascd power
generation.  Specifically. they will be designed for a lifespan of 5 1o 7 vears. an output power
level of 30 W electric (EOL), and a specific power of bettzr than 100 Wikg. Lincar concentrator
solar arrays are presently being studied by BMDO. They are projected to have a BOL efficiency
ot about 20% without energy storage. The STPV systems. which will be built in Phase I1. will
have comparatle ctficioncy but with energy storage. Additionally. the thermal storage IR receiver
(TSIR) unit associated with STPV" will be less costly and lighter than batterics. which improves
the specitic power. reliability . and lifespan.

Specitic objectives for Phase Il rescarchi and development are given belov.:

1. demonstrate an STPV prototype zererating S0 We-—alpha prototype
An STPV prototype will be designed and fabricated. 1t will be comprised
or a SiC thermal absorber emitter cavity. filters. and conventional InGaAs. InP PV
cefl strings. This unit will not have cnergy storage capability. It will be tested in
the Stirling solir concentrator dish.

[P

deveiop the MIM fabrication technology

The processing and fabrication procedures for MIM will be developed.
MIM stings will be fabricated and tested.
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design. build and test the TSIR unit

The thermal storage unit will be designed with the aid of numerical
analysis techniques. The construction techniques for its fabrication will be
studied and optimized. A unit will be manufactured and bench tested.

beta prototype

The technologies developed in the objectives 2 and 3 above will be used
to design and construct the second prototype. The use of MIM instead of
conventional nrodules should eliminate the need to include filters in this
prototype. This advanced unit with thermal storage capability will tested in
the Stirling solar concentrator dish.

demonstrate an STPV unit with MIM technology and thermal storage—

The timie line tor Phase IT research is outdined in the Ghant chart below:

Months from Project Start
m Converier desig™ o LB
PV ool teoncason ] — e R a3 S
—Tr &
m Coltoeng | % ,,:'..'9 : ,&g 18 Py Soa wsrg
? (> O AR Y
asgn Ce tencaton coneracion_fuig
R B . A7) Sy ul ° :
&:u?__,;.;'i_ oy BT s DG : 2 '
= - - AT X
M X ,-:-V R 3 %4
o Maniactse ’
y ~- ._.:; . ‘m S Iy N
] 5y ! Fi&.. Ber=oxe Wetrg bt
z e ] Comenwr DL . Korvemef RS Y X
B " LEN 5 2
~ R P [N - . v T b
1 0%y 2 ool «'@ E'L I ¥ &jg}, iﬁf“ a Sc'ar sy
A R K A "‘E&.,_ <1 j - k.. {Beroeses ‘| SO f;-';,‘u
s oA R UG TN SRS PPN WISl AR At I Bla T SUEE LN

€ Fiwertial Reseach ing |3

K2



T. References

' K.W. Stone. S.M. Kusek. R.E. Drubka, and T.D. Fay, “Analysis of Thermophotovoltaic Test
Data From Experiments Performed at McDonnell Douglas™, The First NREL Conference on
Thermophotovoltaic Generation of Electricity. Copper Mountain, CO July 24-27, 1994,

*N.S. Fatemi and V.G. Weizer, “On the Electrical and Metallurgical Behavior of AuZn Contacts
to p-type InP." J. Appl. Phys. Lett. 77, §241, 1998,

}V.G. Weizer and N.S. Fatemi, “A Simple. Extremely Low Resistance Contact System to n-InP
that does not Exhibit Metal-Semiconductor Intemixing During Sintering.™” Appl. Phys. Lett.
62. 2731, 1993.

! Leigh M. Sedgwick, “Solar Dynamic Heat Receiver Technology Final Repont”. preparcd for
NASA Lewis Research Center by the Boeing Company Seattle. WA, January 1991,

*Y. Takahashi et. al.. “lligh Temperature Fluoride Composites for Latent Thermal Storage in
Advanced Space Solar Dynamic System™, Proccedings of the 24th Intersocicty Energy
Conversion Engineering Conference IECEC-89, IEEE. New York. N.Y., USA, 1989.

® Y. Takahashi et. al. “Thermoanalytical Investigatior of Fluoride Composites for Latent
Thermal Storage™. presented at the Sccond Japan-China Joint Svmposium on Calorimetry and
Thermal Analvsis. 30 May-- 1 June 1990, Osaka. Japan, Elsevier Science Publishers B.V.,
Amsterdam, 1991.

" Ajay K. Misra and John D. Whirtenberger. “Lstimated Heats of Fusion of Fluoride Salt
Mixtures Suitable for Thermal Energy Storage Applications”. NASA Technical Mcemorandum
87320, May 1986.

' K. Tanaka. “Preliminany Examination of Latent Heat-Thermal Energy Source Materials TIL.
Screening of Cutectic Mixtures over a Range trom 200 to 1500 <C™, Bul. Electrotech. Lab.
Vol. $1. No. 7. pp. i9- 3. i987.

¥ Martin A. Green, “Solar Cells Operuting Principles. Technotogy, and Svstem Applications™,
Prentice-tHail, pp. 96-97.

 Fssentias Research. Inc . 996 K}



REPORT DOCUMENTATION PAGE

Form Apgroved
OMB No. 0704-0188

COWRE 2 o ot en 3¢ WCLHNG IS Bader. 13 WasRgoe

7. AGENCY USE ORLY (Lo e ey

February 9, 1996

PUBAC reconng Drosn or Tus €0 0cton of IVOTWE 0 3 QUIMIING Y0 SVINgR | P3u° PO? NSDANe
SOPER G 3nd MENBOR] 9 8IS NOSTEI. GRS NN 1 ANC IV WS ~J 1IN0 COIICIDE Cf MEOTRA?

1 NEPORT DATE |

FCNINY e TG &¥ MVEWING P ONS. NN g SxsivQ G S0L/088
TR SERY (oM OMS MOBIT TG 1he Dusden esUNNIe O Ry oN! BIPECt O 8
[} Q $orvces. D-ectors® 10r > wakon 000 ors 9nd Reports 1218 Jeierses
Covs Hivemy. Suw 10 Aiagror. VA 222704102 379 't e Olice of Vanagemer: arc BLa0e?. Poserwon Recuc: on Promct (07040108, Wasr ~gen. OC 20503

[S"REPORT TYPE AND DATES COVERED
Final Contractor Report

4. TITLE AND SUBTITLE

Power Applix ations

A Solar Thermophotovoltac Electrical Gaerator tor Remote

6. AUTHONS)

Navid S. Fatemi

§. FUNDING NUMBERS

NAS3-27779

7. PRERFORMING ORGANIZATION NAME(S) ANDO ADDAES(ES)

Esscntial Rescarch, Iac.
2460 Fairmount Bhvd.. Suike A
Cleveland. Ohie 43106

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORINGAONITORING AGENCY NAME S) AND ADDRESS(ES)

Nanonal Aeronautics and Space Adminisration
swis Research Center
Cleveland. Ohio 44138319

10 SPONSORING/MONITORING
AGENCY REPORT NUMBER

11. SUPSLEMENTARY NOTES

125. DISTRIGUNIONAVARABIUTY STATEMENT

Unclassificd - Unlinied

]un. DISTRIBUTION CODE

i

13. ABSTRACT ,SMurmrwm AV wovrss/

baccd .onventere

This final report presents the tesults of an SBIR Phase | protect Several TPV converiers were fabricated and tested
The converters constvted ot care-carth doped v ttoum alunucum gamat i YAGH and Lutetiur ytitium aluminum
gamet (LuYAG) selevtive emitrers and 3 Mackhody emitter. bandpassicttared (R refector filters. and InGaAs
photovoltue ( PV cells The opsrating temperature of tae heat source was 1700 K. The filtered blackbody-bascd
converter was found 1o be the most suitable candidate for Solar TPV applications as compared to selective enutter-
High outpat power density «~2 Weem®  and efficiency (26,947 were observed for tins convener
The results ot our Phase 1o s ooe the Seaaibibiny of Tve dey elopment of an STPV syvstem with a practcal toral
satermiefficiersy of greater than 205 ond an culpai pow. 7 donain of abont > Wiem®,

14. SUBJECT TERMS

Solar thermophotosellwes, Electical power generanea: Remote power

15. NUMBER OF PAGES
s

1. co

17. SECURITY CLASSIFICATION |16, SECUMTY CLASSIFICATION *9. SECUMTY CLASHRCATION 20. LIMTATION OF ABSTRACY
OF REPORT OF THIS PAGE OF ABSTRACT
Uinlassificd Unclassified Unvlassifivd
NSEN 784 2:04.28(~880)

Samtard Form 208 (Rev 2-89)

ProectRes by ANSI St 220-18
299102






